Abstract-Wind and earthquake loads can cause coupled lateral-torsional deformations in building structures due to stiffness and/or mass eccentricities. Simple and regular structural configurations are usually recommended in designing seismic resistant systems to ensure optimal distribution of mass and stiffness in order to reduce torsional effects. However, these structures generally present irregular geometry due to other design requirements resulting in a complex three-dimensional dynamic behavior. In this regard, structural control has become a novel approach to reduce torsional seismic effects in asymmetric-plan building systems. Smart structures based on semi-active control systems are capable to improve significantly the seismic response of these structures with low power requirements, which represent a significant advantage over active systems. This paper presents a numerical simulation of a semi-active based control system using MagnetoRheological (MR) dampers to minimize the coupled lateral-torsional seismic response of a two-story framed building. A parametric study is carried out to evaluate the seismic behavior of the structure taking into account the effect of different mass eccentricities. The results show that it is possible to evaluate and validate the effectiveness of the semi-active control approach to reduce the structural seismic response for plan-eccentric or irregular mass distributions.
I. INTRODUCTION
Basic design methods for seismic analysis of building structures are typically built on the assumption that the response of a spatial framed system can be described by the motion of orthogonal frames. The rigid diaphragm behavior provided by the slabs allows torsional motion to be considered in the simplified design approach to obtain a more detailed characterization of the system behavior under seismic excitation. Nevertheless, building structures commonly have plan and height asymmetries due to variable stiffness and irregular mass distribution. In these cases, correlated plan translations and rotations produce uneven deformation distribution between resisting planes with a consequent irregular demand for strength and ductility in some structural elements. Obviously, a proper distribution of structural components can considerably reduce coupled lateral and torsional motions of the system. An alternative approach is to use real-time control systems to mitigate the dynamic response of complex systems due to wind or seismic loads. For instance, energy dissipation devices are efficient to reduce in-plane translations and rotations in irregular structures [1] [2] [3] [4] [5] [6] . On the other hand, real-time controllable systems based on active, semi-active or hybrid actuators may improve even further the structural response. Magneto-Rheological (MR) fluid based devices are simple, efficient and affordable semi-active actuators that meet the necessary requirements for civil engineering applications: they can generate large damping forces with low power demand. Some studies have already been carried out to explore the applicability of these devices to control translation-torsion coupled vibrations in buildings as a result of asymmetric mass or stiffness distribution [7] [8] [9] [10] [11] . This paper presents a numerical analysis to assess the effectiveness of a MagnetoRheological (MR) damper in reducing coupled lateral-torsional responses of a two-story structure with plan-eccentric mass distribution under unidirectional seismic excitation. A parametric study is conducted to estimate the seismic behavior of the structure taking into account the effect of different mass eccentricities. The results shows that it is possible to evaluate and validate the performance of the proposed semi-active MR based control system with respect to the uncontrolled configuration. The effectiveness of passive control modes is also analyzed and compared against the semi-active configuration to highlight the main advantages, and limitations, of each control model to mitigate the response of the asymmetric structure.
II. NUMERICAL MODEL
A 3D building model under unidirectional ground excitation is used to assess the effectiveness of a semi-active control system with MR dampers. The actuators are placed under the first floor slab as shown in Fig. 1 . A floor diaphragm is assumed and the dynamic analysis is then carried out using a lumped mass model [10, 11] . The structure response is defined by three degrees-of-freedom (DOFs) per floor: in-plane x and y translations and a rotation about the z-axis. Thus, the six DOFs structure can be described by the displacement vector
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in which x i (t) and y i (t) represent the ith floor displacements of the center of mass in the x-and y-directions, respectively, and θ i (t) represents the ith floor rotation about the z-axis (vertical axis). The asymmetrical configuration can be obtained by adding a mass m a with mass eccentricity e y to each floor as shown in Fig.2 . The mass eccentricities considered for this study are as follows  {0.50, 1.00, 1.50}
The equation of motion of the controlled system under unidirectional seismic excitation is given by
in which M, C and K denote the mass, damping and stiffness matrices, respectively. The seismic excitation ẍ g (acceleration in the x-axis) is defined using the location vector 
The mass matrix is described by lumped system with two masses m 1 and m 2 , each one with eccentricities given by e y and e x = 0 (the slab has a motion of a rigid body). It is assumed that the additional point mass m a has a very small rotational inertia. Hence the mass matrix is described by 
are the stiffness coefficients. The proportional damping approach is used to define the damping matrix. Thus, it follows that
in which α and β represent coefficients obtained from two vibration modes of the structure. The system can be described in by state space equation as
where z(t)={X(t), Ẋ(t)} T is the so-called state space vector, A is the system or state matrix, B is the input matrix with the position of the control forces in the system ( f is a vector with the control forces), and finally E is the input vector that locate the seismic loading. These parameters are given by
III. NUMERICAL SIMULATION OF THE MR DAMPER
MR dampers are semi-active actuators whose damping force can be controlled by using an electromagnet to induce a magnetic field that changes the viscosity of the MR fluid within the damper case. These actuators present a highly nonlinear hysteretic that can be described by both parametric and non-parametric models. A usual approach is to use the modified Bouc-Wen model shown in Fig. 3 [12] . Thus, the damping force F MR can be determined by
is related with the evolutionary variable
The following first-order filter is usually employed to define the dynamics of MR fluid
in which η is a time constant, u is the time-delayed applied current and v is the desired current.
A numerical model of a MR device (RD-1005-03 model MR damper by Lord Co.) is used to simulate the two actuators. The modified Bouc-Wen model parameters were identified using experimental data [13] . The constant parameters are: δ = 10.013, γ = 0.103 mm
The first order filter is defined by the time constant η = 140 s -1 . The current dependent parameters are described as follows 
IV. SEMI-ACTIVE CONTROLLER FOR MR DAMPERS
The Clipped-Optimal (CO) algorithm is a common controller for MR dampers [14] [15] [16] [17] . In this case, the control approach incorporate two controllers as follows:
 A primary controller (optimal control unit) that determines the optimal control forces based on an ideal active control system. The desired controller output is determined to reduce the response of the building structure;
 A secondary controller (bi-state selector or clipping unit) that produce an equivalent control signal in the form of a bi-state "on-off" output by clipping out the optimal control forces. This is due to the control mode of MR dampers in which only the current (or voltage) signal of the current driver of the actuator can be controlled.
The optimal control unit is based on a Linear Quadratic Gaussian (LQG) regulator, which combines a Linear Quadratic Regulator (LQR) and a Linear Quadratic Estimator (LQE) to determine the control signal.
The Kalman filter (LQE) uses a series of output or observed measurements to estimate the state vector of a noisy system. The LQR is then used to determine the optimal signal in accordance with the estimated state vector. The LQG controller can be described by
in which G and L are gain matrices of the LQR and LQE, respectively. The observation gain L must be selected to obtain the desired performance, which can be described by the following matrices
in which I e and I m are identity matrices related with the excitation inputs and measurement signals, respectively. A classic approach is to define one tuning parameter and change the other until the outcome of the controller is considered as acceptable.
The secondary control unit is employed to adapt the control forces determined by the optimal controller into a bistate signal (i.e., a bang-bang controller) since only the control current of the electromagnet within the MR damper can be controlled directly. A force feedback loop is also integrated into the control procedure, allowing the MR damper to produce as close as possible the desired optimal control force. The algorithm to select the control signal for the ith MR damper is defined by
in which V max is the saturation signal of the MR damper, H is the Heaviside step function, f ci is the requested optimal control force and f i is the measured damping force.
V. CASE STUDY
The numerical analysis is based on the two-story asymmetrical structure exposed to a unidirectional seismic acceleration shown on Fig. 1 . The semi-active control system involves two identical MR dampers positioned between the base and the first floor. The response of the uncontrolled structure is used to assess the effectiveness of both passive and semi-active control systems. Acceleration and displacement measurements are assumed as the available state variables to define the optimal controller. Thus, the translation and rotation motion of the structure is described by measurements of four accelerometers per floor (two in each direction) and two displacement sensors at each actuator. The corresponding output response vector is given by
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The Kalman gain is determined assuming that the sensors have statistical independent and identically distributed Gaussian white noise. In this case, R v is a diagonal matrix (i.e., measurement noise is the same and independent for all outputs) and Q w is adjusted through q w until the output LQE is suitable. Likewise, Q and r of the LQR controller are also tuned to obtain the state gain matrix. The following weighing parameters delivered the best results
Several numerical simulations were carried out to obtain the structure responses using the MR dampers in passive control modes (off-sate with low damping force, i.e., zero current input, and on-state with high damping force, i.e., maximum operating current). The MR dampers can be controlled as semi-active actuators by using the clippedoptimal controller presented earlier. All the control modes aim to reduce combined lateral-torsional responses of the asymmetric structural system. The simulations presented were performed in Matlab/Simulink. As stated previously, the controller uses floor accelerations and displacements to calculate the control signal through the MR dampers. It should be noticed that a semi-active control approach based on acceleration feedback represents a more reliable for structural control applications rather than full-state or velocity feedback controllers. Table I , II and III presents a summary of the peak values of each control mode for a mass eccentricity of 0.50m, 1.00m and 1.50m, respectively. The performance of the semi-active control system in reducing coupled lateral-torsional responses of the irregular structure can be verified based on the results of peak responses. The LQG controller is effective in reducing both translation and torsion responses of the irregular structure for all mass eccentricities. The passive-on mode has a significant influence in the system response resulting in reduced peak responses compared with the uncontrolled case. Overall, this passive mode is able to achieve almost the same performance although the damping force is considerably higher than that of the semi-active approach. It should be noticed that these actuators can handle a higher operating current with intermittent supply instead of a constant control signal, which increase the damping force typically required for civil engineering applications.
VI. RESULTS
The main advantage of semi-active control systems is that the response is monitored in real-time and the control signal can be tuned accordingly based on the system's requirement, unlike passive systems that operate in open-loop control mode. Besides, in case of energy failure, the semi-active system can still be designed to provide passive protection. In fact, small power demand and reliability to energy failure are the main advantages of hybrid and semi-active control system with respect to active systems for structural applications. On the opposite side, the optimal controller performance depends on the precise definition of the weighing matrices, which were selected without any optimization procedure. Hence, the results obtained with this controller could be significantly improved by adjusting the control parameters with several optimization techniques such as evolutionary algorithms.
VII. CONCLUSIONS
In this paper, a simple control system is suggested for torsional vibration reduction of seismically excited irregular building structures. The non-collocated control system uses two MR dampers in both passive and semi-active control configurations to reduce coupled-torsional responses for a set of mass eccentricities. The effectiveness of these actuators was assessed by measuring and comparing peak responses of the controlled response with that of the uncontrolled case. It was verified that the control system is able to deal with torsional effects of the building structure in both passive and semiactive configurations. Despite that, the semi-active controller provides a more efficient management of the damping force delivered by two actuators outperforming the passive control modes. However, this paper has studied only a few mass eccentricities with a constant mass value. Further research is recommended with several mass and eccentricity values and structural configurations, as well as with different controllers to demonstrate the effectiveness and robustness of the proposed control approach.
VIII. FUTURE WORK
The controller gains should be correctly adjusted through optimization/searching techniques to ensure the best or optimal control outcome. Besides, the present research should be extended to different control algorithms, structural configurations, and sensors and actuators distribution. Robustness and sensitivity to parameter variations of each control approach should also be studied in detail. A real or reduced-scale implementation should be made to validate and asses the effectiveness of the proposed passive and semi-active control schemes as well as other control strategies.
